DIGITAL SIGNAL PROCESSING DEVICE 
AND DIGITAL SIGNAL PROCESSING METHOD 

BACKGROUND OF THE INVENTION 

The present invention relates to processing for 
representing amplitude of an output signal by one bit 
when a digitally processed signal of signal amplitude 
exceeding one bit as a result of predetermined signal 
processing on a digital signal represented by one bit is 
inputted and predetermined delta sigma modulation 
processing is performed on the digitally processed signal 
inputted. 

A data format used for conventional digital audio 
has a sampling frequency of 44.1 kHz and a data word 
length of 16 bits, for example. In contrast, a high-speed 
one-bit audio signal resulting from delta sigma 
modulation has a very high sampling frequency of 64 times 
44.1 kHz and a short data word length of one bit, for 
example. The high-speed one-bit audio signal resulting 
from delta sigma modulation thus features a broad 
transmittable frequency band as compared with the data 
format used for conventional digital audio. In addition, 
even with the one-bit signal, the delta sigma modulation 
enables a high dynamic range to be secured in an audio 
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band of low frequencies as compared with the oversampling 
frequency of 64 times the sampling frequency. These 
features can be utilized to apply the high-speed one-bit 
audio signal to recorders and data transmission 
maintaining high sound quality. 

The delta sigma modulation itself is not a 
particularly new technique. A delta sigma modulating 
circuit has conventionally been used often within an AD 
converter or the like because circuit configuration of 
the delta sigma modulating circuit is suitable for IC 
integration and accuracy of AD conversion can be secured 
relatively easily. 

By passing the delta sigma modulated signal through 
a simple analog low-pass filter, an analog audio signal 
can be extracted. 

In mixing delta sigma modulated one-bit signals of 
a plurality of channels, results of calculation of the 
plurality of channels obtained by multiplying the 
respective one-bit signals by respective predetermined 
mixing ratios are added together and then subj ected to 
delta sigma modulation again to thereby generate a new 
one-bit signal. At this time, when the mixed signals are 
signals of highly correlated channels, an audio band 
component signal resulting from addition of the results 
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of calculation of the plurality of channels obtained by- 
multiplying the respective one-bit signals by the 
respective predetermined mixing ratios is increased in 
level. A delta sigma modulator capable of modulating a 
high signal level is therefore required. 

However, in order to suppress an increase in 
quantization noise level due to remodulation , a delta 
sigma modulator of high order such for example as fifth 
order is used as a delta sigma modulator for performing 
the remodulation. In this case, a maximum percentage 
modulation of about 50% is normally used. For system 
stability, a high percentage modulation exceeding 50%, 
for example, cannot be obtained in a high-order delta 
sigma modulator. 

On the other hand, a first-order delta sigma 
modulator can perform modulation up to 100% modulation. 
However, the first-order delta sigma modulator cannot be 
used because quantization noise level in an audio band is 
increased. 

Thus, in order to mix signals without limit 
processing, there is no choice but to lower the signal 
level of each channel and limit the percentage modulation 
at the time of the delta sigma remodulation. As a result, 
the quantization noise level is increased relative to the 
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lowered signal level, thus lowering S/N ratio of an 
audible band. 

In addition, in a digital signal processing device 
formed with requantizing means for requantizing multi-bit 
data outputted by quantizing means, the provision of each 
of the quantizing means increases circuit scale. 

SUMMARY OF THE INVENTION 

According to the present invention, there is 
provided a digital signal processing device to which 
after digital signals are subjected to predetermined 
processing, a processed digital signal having signal 
amplitude values exceeding signal amplitude values of the 
digital signals is inputted, the digital signal 
processing device including: first delta sigma modulating 
means including first quantizing means having quantized 
amplitude values allowing at least quantization of signal 
amplitude of the inputted processed digital signal; and 
second delta sigma modulating means including second 
quantizing means having quantized amplitude values equal 
to the signal amplitude values of the digital signals for 
quantizing a modulated signal outputted from the first 
delta sigma modulating means . 

Further, according to the present invention, there 
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is provided a digital signal processing method in which 
digital signals are subjected to predetermined processing, 
and a processed digital signal having signal amplitude 
values exceeding signal amplitude values of the digital 
signals is inputted, the digital signal processing method 
including: a step for subjecting the inputted processed 
digital signal to delta sigma modulation, and quantizing 
amplitude of the delta sigma modulated signal with at 
least quantized values not less than the amplitude values 
of the processed digital signal; and a step for 
quantizing the quantized modulated signal into quantized 
amplitude values equal to the signal amplitude values of 
the digital signals. 

Further, according to the present invention, there 
is provided a digital signal processing device to which 
after digital signals represented by one bit are 
subjected to predetermined signal processing, a digital 
signal processed signal having signal level exceeding the 
one bit is inputted, the digital signal processing device 
including: first quantizing means for outputting two 
values having zero interposed between the two values and 
separated from the two values by equal quantities and 
values having a difference equal to a difference between 
the two values as a first group of quantized values each 
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including n bits (n is 2 or more) ; and second quantizing 
means for outputting values equal to two least 
significant quantized values of the first group of 
quantized values outputted by the first quantizing means 
as a second group of quantized values; wherein the second 
quantizing means averages energy of the first group of 
quantized values outputted by the first quantizing means 
and outputs the second group of quantized values. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects of the invention will be 
seen by reference to the description, taken in connection 
with the accompanying drawing, in which: 

FIG. 1 is a diagram of configuration of a digital 
signal processing device according to a first embodiment; 

FIGS. 2A and 2B are timing charts of assistance in 
explaining operation of the first embodiment; 

FIGS. 3A, 3B, and 3C are timing charts of 
assistance in explaining the averaging of energy in a 
second delta sigma modulator forming the first 
embodiment ; 

FIG. 4 is a diagram of configuration of a digital 
signal processing device according to a second 
embodiment; 
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FIG. 5 is a diagram of configuration of a first- 
order delta sigma modulator ; 

FIGS. 6A, 6B, and 6C are timing charts of 
assistance in explaining operation when the first-order 
delta sigma modulator is used; 

FIG. 7 is a diagram of configuration of a second- 
order delta sigma modulator; 

FIGS. 8A, 8B, 8C, and 8D are timing charts of 
assistance in explaining operation when the second-order 
delta sigma modulator is used; 

FIG. 9 is a diagram of configuration of a third- 
order delta sigma modulator; and 

FIGS. 10A, 10B, IOC, 10D, and 10E are timing charts 
of assistance in explaining operation when the third- 
order delta sigma modulator is used. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

A few embodiments of a digital signal processing 
device and a digital signal processing method according 
to the present invention will hereinafter be described 
with reference to the drawings. 

A first embodiment will first be described with 
reference to FIGS. 1 to 3C. As shown in FIG. 1, the first 
embodiment is a digital signal processing device 1 for 
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converting an output obtained by adding together a one- 
bit signal A and a one-bit signal B each obtained by 
delta sigma modulation processing into a one-bit signal 
using two cascaded delta sigma modulators 3 and 4, and 
deriving the output of the one-bit signal. 

When the one-bit signal A and the one-bit signal B 
are signals of highly correlated channels, the addition 
output of an adder 2 may exceed a maximum audio band 
level representable by a delta sigma modulated one-bit 
signal. The digital signal processing device 1 converts 
the high-level signal exceeding the maximum audio band 
level into a one-bit signal. 

In order to convert an input signal that may exceed 
the maximum audio band level representable by a one-bit 
signal into a one-bit signal, the digital signal 
processing device 1 comprises a fifth-order delta sigma 
modulator 3 as first delta sigma modulating means and a 
first-order delta sigma modulator 4 as second delta sigma 
modulating means. The fifth-order delta sigma modulator 3 
has a two-bit quantizer 29 as first quantizing means for 
quantizing an input signal into two bits representable by 
four values. The first-order delta sigma modulator 4 has 
a one-bit quantizer 33 as second quantizing means for 
quantizing a delta sigma modulator output outputted in 
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two bits from the fifth-order delta sigma modulator 3 
into one bit. 

The fifth-order delta sigma modulator 3 is formed 
with a first integrator 10, a second integrator 14, a 
third integrator 18, a fourth integrator 22, and a fifth 
integrator 26. The delta sigma modulator 3 further 
includes: a first coefficient multiplier 13 for 
attenuating an integration output of the first integrator 
10 by multiplying the integration output of the first 
integrator 10 by a first coefficient; a second 
coefficient multiplier 17 for attenuating an integration 
output of the second integrator 14 by multiplying the 
integration output of the second integrator 14 by a 
second coefficient; a third coefficient multiplier 21 for 
attenuating an integration output of the third integrator 
18 by multiplying the integration output of the third 
integrator 18 by a third coefficient; and a fourth 
coefficient multiplier 25 for attenuating an integration 
output of the fourth integrator 22 by multiplying the 
integration output of the fourth integrator 22 by a 
fourth coefficient. The delta sigma modulator 3 further 
includes the two-bit quantizer 29 for quantizing an 
integration output of the fifth integrator 26 as the last 
integrator . 
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The first integrator 10 comprises an adder 11 and a 
shift computing element 12. The second integrator 14 
comprises an adder 15 and a shift computing element 16. 
The third integrator 18 comprises an adder 19 and a shift 
computing element 20. The fourth integrator 22 comprises 
an adder 23 and a shift computing element 24. The fifth 
integrator 26 comprises an adder 27 and a shift computing 
element 28. 

When the addition output of the adder 2 enters the 
delta sigma modulator 3, the first integrator 10 supplies 
the addition output to the shift computing element 12 via 
the adder 11. The shift computing element 12 shifts the 
addition output from the adder 11, and returns the 
addition output to the adder 11. Also, a feedback loop 
signal is negatively fed back from the two-bit quantizer 
29 to the adder 11. An integration output of the first 
integrator 10 is supplied to the first coefficient 
multiplier 13. The first coefficient multiplier 13 
attenuates the integration output of the first integrator 
10 by multiplying the output by 1/16 as the first 
coefficient, and then supplies the multiplied output to 
the second integrator 14. 

The second integrator 14 supplies the multiplied 
output from the first coefficient multiplier 13 to the 
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shift computing element 16 via the adder 15. The shift 
computing element 16 shifts an addition output from the 
adder 15, and returns the addition output to the adder 15. 
Also, a feedback loop signal is negatively fed back from 
the two-bit quantizer 29 to the adder 15. An integration 
output of the second integrator 14 is supplied to the 
second coefficient multiplier 17. The second coefficient 
multiplier 17 attenuates the integration output of the 
second integrator 14 by multiplying the output by 1/8 as 
the second coefficient, and then supplies the multiplied 
output to the third integrator 18. 

The third integrator 18 supplies the multiplied 
output from the second coefficient multiplier 17 to the 
shift computing element 20 via the adder 19. The shift 
computing element 20 shifts an addition output from the 
adder 19, and returns the addition output to the adder 19. 
Also, a feedback loop signal is negatively fed back from 
the two-bit quantizer 29 to the adder 19. An integration 
output of the third integrator 18 is supplied to the 
third coefficient multiplier 21. The third coefficient 
multiplier 21 attenuates the integration output of the 
third integrator 18 by multiplying the output by 1/4 as 
the third coefficient, and then supplies the multiplied 
output to the fourth integrator 22. 
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The fourth integrator 22 supplies the multiplied 
output from the third coefficient multiplier 21 to the 
shift computing element 24 via the adder 23. The shift 
computing element 24 shifts an addition output from the 
adder 23, and returns the addition output to the adder 23. 
Also, a feedback loop signal is negatively fed back from 
the two-bit quantizer 29 to the adder 23. An integration 
output of the fourth integrator 22 is supplied to the 
fourth coefficient multiplier 25. The fourth coefficient 
multiplier 25 attenuates the integration output of the 
fourth integrator 22 by multiplying the output by 1/2 as 
the fourth coefficient, and then supplies the multiplied 
output to the fifth integrator 26. 

The fifth integrator 26 supplies the multiplied 
output from the fourth coefficient multiplier 25 to the 
shift computing element 28 via the adder 27. The shift 
computing element 28 shifts an addition output from the 
adder 27, and returns the addition output to the adder 27. 
Also, a feedback loop signal is negatively fed back from 
the two-bit quantizer 29 to the adder 27. An integration 
output of the fifth integrator 26 is supplied to the two- 
bit quantizer 29. 

The two-bit quantizer 29 quantizes the integration 
output of the fifth integrator 26 to output a two-bit 
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signal. The quantized values each formed of two bits are 
for example two values ±1 having zero interposed between 
the two values and separated from the two values by equal 
quantities, and values ±3 having differences equal to a 
difference (2) between the two values ±1 between the 
values ±3 and the values ±1. In other words, zero is not 
used for the four quantized values each formed of two 
bits, but quantized values ±1 at the time of one-bit 
quantization and ±3 having the difference between the two 
values ±1 to be separated at equal intervals from ±1 are 
used. That is, the quantized values are +3, +1, -1, and - 
3 at equal intervals of the difference of 2. The two-bit 
signal is negatively fed back as a feedback loop signal 
to each integrator. The two-bit quantizer 29 also outputs 
the output of the two-bit signal as a fifth-order delta 
sigma modulator output to the outside of the fifth-order 
delta sigma modulator 3. 

A configuration of the first-order delta sigma 
modulator 4 for converting the fifth-order delta sigma 
modulator output to a first-order delta sigma modulator 
output will next be described. The first-order delta 
sigma modulator 4 comprises one integrator 30 and a one- 
bit quantizer 33. 

The integrator 30 comprises an adder 31 and a shift 
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computing element 32. When the fifth-order delta sigma 
modulator output enters the first-order delta sigma 
modulator 4, the integrator 30 supplies the fifth-order 
delta sigma modulator output to the shift computing 
element 32 via the adder 31. The shift computing element 
32 shifts the fifth-order delta sigma modulator output 
from the adder 31, and returns the fifth-order delta 
sigma modulator output to the adder 31. Also, a feedback 
loop signal is negatively fed back from the one-bit 
quantizer 33 to the adder 31. In the first embodiment, 
the shift computing element 32 produces a delay of one 
period in sampling periods to be described later. 

The one-bit quantizer 33 quantizes the output of 
the shift computing element 32 into two one-bit values. 
When a positive value is inputted from the shift 
computing element 32, the one-bit quantizer 33 outputs +1 
as a quantized value. When a negative value is inputted 
from the shift computing element 32, on the other hand, 
the one-bit quantizer 33 outputs -1 as a quantized value. 
In the first embodiment, a binary code 1 actually 
outputted from the one-bit quantizer corresponds to the 
quantized value +1, whereas a binary code 0 corresponds 
to the quantized value -1 . The two one-bit values from 
the one-bit quantizer 33 are negatively fed back as a 
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feedback loop signal to the integrator, and also 
outputted to the outside as a first-order delta sigma 
modulator output. Incidentally, a signal delay before the 
one-bit quantizer 33 quantizes a signal inputted thereto 
is shorter than one sampling period to be described later. 

Principles of operation of the digital signal 
processing device 1 having the configuration shown above 
will be described in the following with reference to FIG. 
2A and FIG. 2B. 

One-bit signals A and B from two systems are 
subjected to addition processing by the adder 2, and 
thereafter subjected to delta sigma modulation again by 
the fifth-order delta sigma modulator 3 to reduce 
degradation in sound quality. 

When the one-bit signals A and B from the two 
systems are identical signals, the audio band component 
after the signals are subjected to addition processing by 
the adder 2 is increased to twice that of a one-bit 
signal from one system. 

When an input signal level is increased and 
percentage modulation becomes higher, however, the system 
of a delta sigma modulator of a high order such for 
example as a fifth order becomes unstable. This is 
because in a case where the quantized values are two 
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values ±1, that is, in a case where a one-bit quantizer 
is used, when the audio band component approaches ±1, it 
is difficult to represent the audio band component by- 
levels of the two values ±1. 

In the present invention, to enable modulation of 
such a high-level signal, the number of quantization bits 
of the quantizer 29 is increased to two, and the fifth- 
order delta sigma modulator 3 using four quantized values 
is used to generate a delta sigma modulated signal 
representing an audio band signal that temporarily 
exceeds ±1. 

As described above, for the four quantized values, 
zero is not used but quantized values ±1 at the time of 
one-bit quantization and ±3 having the difference between 
the two values ±1 to be separated at equal intervals from 
±1 are used. Thereby, as shown in FIG. 2A, the four 
quantized values form a first group of quantized values 
+3, +1, -1, and -3 at equal intervals of the difference 
of 2 . As shown in FIG. 2B, the signal temporarily 
converted into a two-bit signal is reconverted into a 
one-bit signal by the first-order delta sigma modulator 4 
in a subsequent stage. 

In this case, as shown in FIG. 2B, quantized values 
of the one-bit quantizer 33 in the subsequent stage are a 
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second group of quantized values ±1. Hence, while the 
audio band component is small and the quantized values in 
the preceding stage do not exceed the two values ±1, the 
output values in the preceding stage are outputted as 
they are only with a delay of one sample occurring in the 
first-order delta sigma modulator 4 in the subsequent 
stage. That is, characteristics of the fifth-order delta 
sigma modulation are outputted as they are. When the 
audio band component becomes large and the fifth-order 
delta sigma modulator 3 in the preceding stage outputs ±3, 
on the other hand, the first-order delta sigma modulator 
4 in the subsequent stage corrects an amount by which ±3 
exceed ±1 after delaying the processing until a time when 
the amount can be corrected, and thereafter outputs 
values in the preceding stage as they are. When +3 is 
outputted from the fifth-order delta sigma modulator 3 in 
the preceding stage, for example, the first-order delta 
sigma modulator 4 in the succeeding stage outputs +1 , and 
stores a difference of 2 in the integrator 30. Then, when 
-1 comes next, the first-order delta sigma modulator 4 
corrects -1 to +1, and outputs +1. Thereby the difference 
of 2 stored in the integrator 30 is cleared. Thereafter 
the first-order delta sigma modulator 4 delays and 
outputs output of ±1 in the preceding stage as it is 



again. Thus, processing for conversion from two bits to 
one bit is performed only when amplitude of the audio 
band component becomes high and exceeds ±1, and the 
processing does not produce effects at other times. 

While a delta sigma modulator normally modulates a 
signal within a range of quantized values, the quantizer 
33 within the first-order delta sigma modulator 4 in the 
succeeding stage in this case functions to correct an 
amount of excess when a quantized value within the delta 
sigma modulator 3 exceeds ±1. 

This is equivalent to averaging energy by 
converting multi-bit code to one bit in the first-order 
delta sigma modulator 4. 

The conversion of multi-bit code to one bit which 
conversion is equivalent to the averaging of energy will 
be described in the following with reference to FIG. 3A, 
FIG. 3B, and FIG. 3C. 

As described above, when an audio band component 
becomes large and the fifth-order delta sigma modulator 
in the preceding stage outputs ±3, the first-order delta 
sigma modulator in the subsequent stage corrects an 
amount by which ±3 exceed ±1 after delaying the 
processing until a time when the amount can be corrected, 
and thereafter outputs values in the preceding stage as 
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they are again. 

FIG. 3A, FIG. 3B, and FIG. 3C are diagrams of 
assistance in explaining a case where the first-order 
delta sigma modulator is used as delta sigma modulator in 
the succeeding stage. Description will first be made of a 
case where the two-bit quantizer 29 of the fifth-order 
delta sigma modulator in the preceding stage outputs 
quantized values in a range of +1 to -1 . When the two-bit 
quantizer 29 outputs -1 as a quantized value in t-2 in 
FIG. 3A, the integrator 30 within the first-order delta 
sigma modulator 4 outputs -1 in a next sampling period t- 
1, and the one-bit quantizer 33 within the first-order 
delta sigma modulator 4 outputs -1 as it is within the 
same sampling period t-1. When the two-bit quantizer 
outputs +1 in the sampling period t-1 in FIG. 3A, the 
integrator 30 outputs the quantized value as +1 as it is 
in a sampling period tO after a delay of one sampling 
period, and the one-bit quantizer 33 outputs the 
quantized value as +1 as it is within the same sampling 
period tO . 

When the fifth-order delta sigma modulator 3 in the 
preceding stage for example outputs +3 in the sampling 
period tO as shown in FIG. 3A and the output of the 
first-order delta sigma modulator 4 as the output of the 



one-bit quantizer 33 is +1 as shown in FIG. 3C, the 
integrator 30 of the first-order delta sigma modulator 4 
in the succeeding stage stores the +3 in a next sampling 
period tl . In this case, +3 as a result of addition by 
the adder 31 of the output +1 of the shift computing 
element 32, the output +3 of the two-bit quantizer 29 of 
the fifth-order delta sigma modulator, and -1 obtained by- 
inverting the output +1 obtained by quantizing the output 
of the shift computing element 32 by the one-bit 
quantizer 33 in the sampling period tO is the output of 
the integrator 30. That is, a value calculated by (+1) + 
(+3) - (+1) = +3 is outputted from the integrator 30. As 
shown in FIG. 3C, the one-bit quantizer 33 outputs +1 as 
a maximum positive output value within the same sampling 
period tl . 

Consequently, this is equivalent to a state in 
which +2 not outputted from the one-bit quantizer 33 
remains in the integrator 30 in the sampling period tl . 

When the two-bit quantizer 29 outputs +1 in the 
sampling period tl in a state equivalent to that in which 
+2 remains in the integrator 30, the adder 31 is supplied 
in the sampling period tl with +1 as the output of the 
two-bit quantizer 29, +3 as the output of the shift 
computing element 32, and an inverted value -1 of +1 as 
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the output of the one-bit quantizer 33. The adder 31 
outputs +3 to the shift computing element 32. The shift 
computing element 32 outputs the +3 in a next sampling 
period t2 , as shown in FIG. 3B. Then, as shown in FIG. 3C, 
the one-bit quantizer 33 outputs +1 as the maximum 
positive value within the sampling period t2 . Also at 
this time, not all the output of the shift computing 
element 32 is outputted from the one-bit quantizer 33. 
Consequently, this is equivalent to a state in which +2 
remains in the integrator 30. That is, this is equivalent 
to a state in which +1 inputted from the two-bit 
quantizer 29 is integrated with +2 equivalently remaining 
in the integrator 30 in the sampling period tl to become 
+3, and +1 of +3 is outputted from the one-bit quantizer 
33 and +2 remains in the integrator. When the two-bit 
quantizer 29 outputs -1 in the next sampling period t2 , 
the adder 31 is supplied with -1 outputted from the two- 
bit quantizer 29, the output +3 of the shift computing 
element 32 of the integrator 30, and an inverted value -1 
of the output +1 of the one-bit quantizer 33. The adder 
31 outputs +1. That is, -1 is inputted for a remaining 
value of +2, and +1 is outputted from the first-order 
delta sigma modulator 4, whereby the +2 is discharged in 
the sampling period t2 . Then, +1 outputted from the two- 



bit quantizer 29 in a sampling period t3 is outputted as 
it is in a next sampling period t4 . 

Similarly, when -3 is inputted to the adder 31 in a 
sampling period tlO as shown in FIG. 3A, the integrator 

30 outputs -3 in til after a delay of one sampling period. 
In a case where -3 is inputted to the input of the adder 

31 again in a sampling period tl2 before an amount of 
excess stored is discharged, the integrator 30 further 
accumulates an amount of excess, and outputs -5 in a 
sampling period tl3 . The accumulated amount of excess is 
discharged in units of -2 at the times of two inputs +1 
appearing subsequently in sampling periods tl4 and tl7 . 
At these times, the one-bit quantizer 33 outputs -1, an 
inverted value of the input +1. Then, +1 inputted to the 
adder in a sampling period tl8 is outputted from the one- 
bit quantizer 33 as it is in a sampling period tl9 . 

Thus, by using the first-order delta sigma 
modulator 4, it is possible to accumulate an amount of 
excess when a signal of ±3 is inputted, discharge the 
amount of excess when the discharge is possible by 
outputting a signal of an opposite sign from the input as 
the output of the one-bit quantizer 33, and thereby 
retain a total amount of energy possessed by signals, and 
also output an input signal of ±1 as it is only with a 
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delay when there is no amount of excess. 

The digital signal processing device 1 according to 
the first embodiment can thus represent even a high-level 
signal by one bit while maintaining an S/N ratio of the 
fifth-order delta sigma modulator 3 for a low-level audio 
band signal . 

A second embodiment will next be described with 
reference to FIG. 4. The second embodiment is also a 
digital signal processing device 40 for converting an 
output obtained by adding together a one-bit signal A and 
a one-bit signal B each obtained by delta sigma 
modulation processing into a one-bit signal using two 
cascaded delta sigma modulators, and deriving the output 
of the one-bit signal. 

Specifically, in order to convert an input signal 
that may exceed the maximum audio band level 
representable by a one-bit signal into a one-bit signal, 
the digital signal processing device 40 comprises: a 
fifth-order delta sigma modulator 41 as first delta sigma 
modulating means including a three-bit quantizer 42 as 
first quantizing means for quantizing an input signal 
into eight values represented by three bits; and a first- 
order delta sigma modulator 4 as second delta sigma 
modulating means including a one-bit quantizer as second 
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quantizing means for quantizing a three-bit delta sigma 
modulator output of the fifth-order delta sigma modulator 
41 into a one-bit signal. 

The fifth-order delta sigma modulator 41 differs 
from the fifth-order delta sigma modulator 3 within the 
digital signal processing device 1 according to the first 
embodiment only in that the fifth-order delta sigma 
modulator 41 has the three-bit quantizer 42. Therefore 
other parts are identified by the same reference numerals, 
and description thereof will be omitted. 

The three-bit quantizer 42 quantizes an input 
signal into eight values of ±1, ±3, ±5, and ±7 as a 
first group of quantized values by three bits. The 
quantized values are two values ±1 having zero interposed 
between the two values and separated from the two values 
by equal quantities, and ±3, ±5, and ±7 separated at 
equal intervals from ±1 and having differences equal to 2 
corresponding to a difference between the two values ±1 
between the values ±3, ±5, and ±7 and their respective 
preceding values . These values are at equal intervals of 
the difference of 2. That is, the first group of 
quantized values are +7, +5, +3, +1, -1, -3, -5, and -7, 
at equal intervals of the difference of 2 . The three-bit 
signal is negatively fed back as a feedback loop signal 
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to each integrator. The three-bit quantizer 42 also 
outputs the output of the three-bit signal as a fifth- 
order delta sigma modulator output to the outside of the 
fifth-order delta sigma modulator 41. 

The one-bit quantizer 33 within the first-order 
delta sigma modulator 4 uses values equal to the two 
least significant quantized values ±1 of the quantized 
values of the three-bit quantizer 42 as the first 
quantizing means as a second group of quantized values. 
The two one-bit values from the one-bit quantizer 33 are 
negatively fed back as a feedback loop signal to an 
integrator, and also outputted to the outside as a first- 
order delta sigma modulator output. 

Principles of operation of the digital signal 
processing device 40 having the configuration shown above 
will be described in the following. 

In order to enable modulation of a high-level 
signal also in the second embodiment, the number of 
quantization bits of the quantizer 42 is increased to 
three, and the fifth-order delta sigma modulator 41 using 
eight quantized values is used to generate a delta sigma 
modulated signal representing an audio band signal that 
temporarily exceeds ±1. 

As described above, for the eight quantized values, 
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zero is not used but quantized values ±1 at the time of 
one-bit quantization and —3, —5, and ±7 having the 
difference between the two values ±1 to be separated at 
equal intervals are used. A signal temporarily converted 
into a three-bit signal is reconverted into a one-bit 
signal by the first-order delta sigma modulator 4 in a 
subsequent stage. 

In this case, the quantized values of the one-bit 
quantizer 33 in the subsequent stage are the same values 
as the least quantized values ±1 of the three-bit 
quantizer 42 in the preceding stage. Hence, while the 
audio band component is small and the quantized values in 
the preceding stage do not exceed the two values ±1, the 
output values in the preceding stage are outputted from 
the succeeding stage as they are only with a delay of one 
sample occurring in the first-order delta sigma modulator 
4 in the subsequent stage. That is, characteristics of 
the fifth-order delta sigma modulation are outputted as 
they are. When the audio band component becomes large and 
the fifth-order delta sigma modulator 41 in the preceding 
stage outputs ±3, ±5, or ±7, on the other hand, the 
first-order delta sigma modulator 4 in the subsequent 
stage corrects an amount of excess after delaying the 
processing until a time when the amount can be corrected, 



and thereafter outputs values in the preceding stage as 
they are again. When +5 is outputted from the fifth-order 
delta sigma modulator 41 in the preceding stage, for 
example, the first-order delta sigma modulator 4 in the 
succeeding stage outputs +1, and stores a difference of 4 
in the integrator 30. Then, when -1 comes next, the 
first-order delta sigma modulator 4 corrects -1 to +1, 
and outputs +1. Further, when another -1 comes, the 
first-order delta sigma modulator 4 corrects -1 to +1, 
and outputs +1 . Thereby the difference of 4 stored in the 
integrator 30 is cleared. Thereafter the first-order 
delta sigma modulator 4 delays and outputs output of ±1 
in the preceding stage as it is again. Thus, processing 
for conversion from three bits to one bit is performed 
only when amplitude of the audio band component becomes 
high and exceeds ±1, and the processing does not produce 
effects at other times. 

While a delta sigma modulator normally modulates a 
signal within a range of quantized values, the quantizer 
33 within the first-order delta sigma modulator 4 in the 
succeeding stage in this case functions to correct an 
amount of excess when a quantized value within the delta 
sigma modulator 41 exceeds ±1. 

It is to be noted that the first quantizing means 
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within the first delta sigma modulating means is not 
limited to the two-bit quantizer and the three-bit 
quantizer for quantizing an input signal into two bits 
and three bits, as described above. An integer n of 2 or 
more, such as 4, 5, 6..., is applicable. It is 
conditioned that the quantized values are two values 
having zero interposed between the two values and 
separated from the two values by equal quantities, and 
values having a difference equal to a difference between 
the two values . 

Also, while in both the first and second 
embodiments, the first delta sigma modulating means is a 
fifth-order delta sigma modulator, delta sigma modulating 
means of first, third, fourth, sixth, seventh, eighth... 
order, that is, delta sigma modulating means of plural 
order in which the above-mentioned number of integrator 
means are connected in series with each other may be used. 
However, the higher the order, the lower the percentage 
modulation . 

Further, quantizing means within the delta sigma 
modulating means of plural order may of course be an n (2, 
3, 4, 5, 6,...) -bit quantizer, as described above. 

Further, while in both the first and second 
embodiments, the second delta sigma modulating means is a 
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first-order delta sigma modulator, the second delta sigma 
modulating means may be a second-order delta sigma 
modulator. However, a delta sigma modulator of third 
order or higher is not suitable. 

Description will be made in the following about 
difference in characteristics between a case where a 
first-order or second-order delta sigma modulator is 
employed as second delta sigma modulating means and a 
case where a third-order delta sigma modulator is 
employed as second delta sigma modulating means. 

Description will first be made of a case where a 
first-order or second-order delta sigma modulator is 
employed as second delta sigma modulating means of the 
digital signal processing device 1 according to the first 
embodiment . 

A signal temporarily converted into a two-bit 
signal by the fifth-order delta sigma modulator 3 as 
first delta sigma modulating means is reconverted into a 
one-bit signal by the first-order or second-order delta 
sigma modulator in the subsequent stage. In this case, 
the quantized values of the one-bit quantizer in the 
subsequent stage are the same values as the least 
quantized values ±1 of the two-bit quantizer in the 
preceding stage. Hence, while the audio band component is 
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small and quantized values in the preceding stage do not 
exceed the two values ±1, the output values in the 
preceding stage are outputted from the succeeding stage 
as they are only with a delay of one sample occurring in 
the first-order delta sigma modulator in the succeeding 
stage or a delay of two samples occurring in the second- 
order delta sigma modulator in the succeeding stage. That 
is, characteristics of the fifth-order delta sigma 
modulation are outputted as they are. 

FIG. 5 shows the configuration of the first-order 
delta sigma modulator 4. FIG. 6A, FIG. 6B, and FIG. 6C 
are timing charts of assistance in explaining operation 
when the first-order delta sigma modulator 4 is used. 
Supposing that output of the integrator 30 obtained by 
subjecting a first-order delta sigma modulator input of 
FIG. 6A to integration processing is ±1 as shown in FIG. 
6B, output of the one-bit quantizer 33 is the same signal 
as the output of ±1 of the integrator, as shown in FIG. 
6C. Thus, since two feedback loop signals to the 
integrator 30 are same-level signals of opposite signs 
from the integrator 30 itself and the one-bit quantizer 
33, a total value obtained by adding the two feedback 
loop signals together is zero at all times. Hence, the 
integrator 30 outputs an output signal of =tl obtained by 
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delaying an input signal by a period of one sample at all 
times, and the same signal of ±1 as the output signal of 
the integrator 30 is obtained as it is from the output of 
the one-bit quantizer. 

FIG. 7 shows a configuration of a second-order 
delta sigma modulator 50. The second-order delta sigma 
modulator 50 is configured such that a first integrator 
51 and a second integrator 53 are connected in series 
with each other with a coefficient multiplier 52 
interposed therebetween, further a one-bit quantizer 54 
is connected in a stage succeeding the second integrator, 
and a feedback loop signal is negatively fed back to the 
two integrators. The coefficient multiplier attenuates an 
integration output of the first integrator 51 by 
multiplying the output by a coefficient of 1/2. 

FIG. 8A, FIG. 8B, FIG. 8C, and FIG. 8D are timing 
charts of assistance in explaining operation when the 
second-order delta sigma modulator 50 is used. Supposing 
that output of the first integrator 51 obtained by 
subjecting a second-order delta sigma modulator input of 
FIG. 8A to integration processing is ±2 as shown in FIG. 
8B, integration output of the second integrator 53 is ± 
0.5, as shown in FIG. 8C. Then, quantized output of the 
one-bit quantizer 54 is as shown in FIG. 8D. That is, the 
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output of the one-bit quantizer 54 as shown in FIG. 8D is 
of the same value as obtained by delaying the second- 
order delta sigma modulator input shown in FIG. 8A by a 
period of two samples . 

Next, FIG. 9 shows a configuration of a third-order 
delta sigma modulator 60. The third-order delta sigma 
modulator 60 is configured such that a first integrator 
61, a second integrator 63, and a third integrator 65 are 
connected in series with each other with a coefficient 
multiplier 62 and a coefficient multiplier 64 interposed 
therebetween, further a one-bit quantizer 66 is connected 
in a stage succeeding the third integrator, and a 
feedback loop signal is negatively fed back to the three 
integrators. The coefficient multiplier 62 attenuates an 
integration output of the first integrator 61 by 
multiplying the output by a coefficient of 1/4, and then 
supplies the multiplied output to the second integrator 
63. The coefficient multiplier 64 attenuates an 
integration output of the second integrator 63 by 
multiplying the output by a coefficient of 1/2, and then 
supplies the multiplied output to the third integrator 65. 

FIG. 10A, FIG. 10B, FIG. 10C, FIG. 10D, and FIG. 
10E are timing charts of assistance in explaining 
operation when the third-order delta sigma modulator 60 
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is used. Supposing that the output of the first 
integrator 61 obtained by subjecting a third-order delta 
sigma modulator input of FIG. 10A to integration 
processing is ±2 as shown in FIG. 10B, the integration 
output of the second integrator 63 is ±1, as shown in FIG. 
IOC. Further, integration output of the third integrator 
65 is as shown in FIG. 10D. Then, quantized output of the 
one-bit quantizer 66 is as shown in FIG. 10E. That is, 
the output of the one-bit quantizer 66 as shown in FIG. 
10E is not of the value obtained by simply delaying the 
third-order delta sigma modulator input shown in FIG. 10A, 
and is thus a signal different from the third-order delta 
sigma modulator input. 

Thus , the third-order delta sigma modulator is not 
suitable as delta sigma modulator to be used as the 
second delta sigma modulating means, but delta sigma 
modulators of second order or lower are suitable as delta 
sigma modulator to be used as the second delta sigma 
modulating means. 

It is to be noted that while in the first and 
second embodiments, a case where one-bit signals from two 
systems are added together (mixed) is shown as an example 
of increase in level of an audio band component, various 
other cases in which level of an original one-bit signal 
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is exceeded are conceivable, such as cases of mixing of 
multiple channels such as 3, 4, 5, or 6 channels, level 
control in fade-in, fade-out, cross-fade and the like. 

The digital signal processing device and method 
according to the present invention subject a signal of a 
length of a plurality of bits modulated by first delta 
sigma modulating means having a guantizer of a plurality 
of m bits to delta sigma modulation again by second delta 
sigma modulating means of low order n (2 or lower) . It is 
thereby possible to obtain a one-bit signal representing 
even a high-level signal by subjecting only an amount of 
excess level to remodulation only when signal level is 
increased, while realizing a high S/N ratio of a high- 
order delta sigma modulator for a low-level signal. That 
is, it is possible to obtain a one-bit signal 
representing even a high-level signal while realizing a 
low quantization noise level by high-order delta sigma 
modulation for a signal having a low audio band signal 
level . 

Further, the digital signal processing device and 
method according to the present invention has second 
quantizing means for outputting values equal to two least 
significant quantized values of a first group of 
quantized values outputted by a first quantizing means 
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and step as a second group of quantized values, wherein 
the second quantizing means averages energy of the first 
group of quantized values outputted by the first 
quantizing means and outputs the second group of 
quantized values. It is therefore possible to requantize 
multi-bit data into one-bit data with a simple 
configuration . 

While a preferred embodiment has been described, 
variations thereto will occur to those skilled in the art 
within the scope of the present inventive concepts which 
are delineated by the following claims 

WHAT IS CLAIMED IS: 

1. A digital signal processing device to which 
after digital signals are subjected to predetermined 
processing, a processed digital signal having signal 
amplitude values exceeding signal amplitude values of 
said digital signals is inputted, said digital signal 
processing device comprising: 

first delta sigma modulating means including first 
quantizing means having quantized amplitude values 
allowing at least quantization of signal amplitude of 
said inputted processed digital signal; and 
second delta sigma modulating means including second 
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quantizing means having quantized amplitude values equal 
to the signal amplitude values of said digital signals 
for quantizing a modulated signal outputted from said 
first delta sigma modulating means. 

2. The digital signal processing device as claimed 
in claim 1, 

wherein said second delta sigma modulating means further 
includes delaying means for delaying a part of a 
quantized signal outputted from said first quantizing 
means and outputting the delayed part to said second 
quantizing means when quantized data outputted from said 
first quantizing means has an amplitude value exceeding 
the quantized amplitude values of said second quantizing 
means . 

3 . The digital signal processing device as claimed 
in claim 1, 

wherein said first quantizing means of said first delta 
sigma modulating means performs quantization with 
quantized values each comprising n bits (n is 2 or more) , 
and uses two values having zero interposed between the 
two values and separated from the two values by equal 
quantities and values having a difference equal to a 
difference between the two values as the quantized values. 
4. The digital signal processing device as claimed 
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in claim 3, 

wherein said second quantizing means of said second delta 
sigma modulating means uses values equal to two least 
significant quantized values of the quantized values of 
said first quantizing means as quantized values. 

5. The digital signal processing device as claimed 
in claim 1, 

wherein said second quantizing means of said second delta 
sigma modulating means averages energy by converting a 
delta sigma modulated output of said first delta sigma 
modulating means to one bit. 

6. A digital signal processing method in which 
digital signals are subjected to predetermined processing, 
and a processed digital signal having signal amplitude 
values exceeding signal amplitude values of said digital 
signals is inputted, said digital signal processing 
method comprising: 

a step for subjecting said inputted processed digital 
signal to delta sigma modulation, and quantizing 
amplitude of said delta sigma modulated signal with at 
least quantized values not less than the amplitude values 
of said processed digital signal; and 

a step for quantizing said quantized modulated signal 
into quantized amplitude values equal to the signal 
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amplitude values of said digital signals. 

7. The digital signal processing method as claimed 
in claim 6, 

wherein when guantizing said guantized modulated signal 
into the guantized amplitude values egual to the signal 
amplitude values of said digital signals, processing for 
guantizing a part where a guantized value of said 
guantized modulated signal exceeds the signal amplitude 
values of said digital signals is delayed. 

8. The digital signal processing method as claimed 
in claim 6, 

wherein the signal obtained by subjecting said inputted 
processed digital signal to delta sigma modulation is 
guantized by n bits (n is 2 or more) , and two values 
having zero interposed between the two values and 
separated from the two values by egual guantities and 
values having a difference egual to a difference between 
the two values are used as quantized values. 

9. The digital signal processing method as claimed 
in claim 8, 

wherein the step for quantizing said quantized modulated 
signal into the quantized amplitude values equal to the 
signal amplitude values of said digital signals uses 
values equal to two least significant quantized values of 
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the quantized values for quantizing said quantized 
modulated signal into the quantized amplitude values 
equal to the signal amplitude values of said digital 
signals as quantized values. 

10. A digital signal processing device to which 
after digital signals represented by one bit are 
subjected to predetermined signal processing, a digital 
signal processed signal having signal level exceeding 
said one bit is inputted, said digital signal processing 
device comprising: 

first quantizing means for outputting two values having 
zero interposed between the two values and separated from 
the two values by equal quantities and values having a 
difference equal to a difference between the two values 
as a first group of quantized values each comprising n 
bits (n is 2 or more) ; and 

second quantizing means for outputting values equal to 
two least significant quantized values of the first group 
of quantized values outputted by said first quantizing 
means as a second group of quantized values; 
wherein said second quantizing means averages energy of 
said first group of quantized values outputted by said 
first quantizing means and outputs said second group of 
quantized values. 



11. The digital signal processing device as 
claimed in claim 10, further comprising integrating means 
disposed between said first quantizing means and said 
second quantizing means, for integrating said first group 
of quantized values and supplying an integration result 
to said second quantizing means, 

wherein said integrating means accumulates an amount of 
excess of said first group of quantized values outputted 
by said first quantizing means over said second group of 
quantized values, adds an opposite sign in timing in 
which the amount of excess is dischargeable, and supplies 
the amount of excess to said second quantizing means. 

12. The digital signal processing device as 
claimed in claim 11, 

wherein second quantizing means outputs said second group 
of quantized values in such a manner as to retain a total 
amount of energy of said first group of quantized values. 

13. The digital signal processing device as 
claimed in claim 11, 

wherein said second quantizing means outputs two least 
significant values of said first group of quantized 
values as they are after said amount of excess is cleared 
from said integrating means . 
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FIG. 1 

1-1: ONE-BIT SIGNAL A 
1-2: ONE-BIT SIGNAL B 

1-3: FIFTH-ORDER DELTA SIGMA MODULATOR OUTPUT 

1- 4: FIRST-ORDER DELTA SIGMA MODULATOR OUTPUT 
2: ADDER 

3: FIFTH-ORDER DELTA SIGMA MODULATOR 

4: FIRST-ORDER DELTA SIGMA MODULATOR 

29: TWO-BIT QUANTIZER 

30: INTEGRATOR 

33: ONE-BIT QUANTIZER 

FIG. 2 

2- 1: TWO-BIT QUANTIZED VALUE 

2- 2: ONE-BIT QUANTIZED VALUE 

FIG. 3 

3- 1: TWO-BIT QUANTIZED VALUE 

3- 2 : ONE-BIT QUANTIZED VALUE 

FIG. 4 

4- 1: ONE-BIT SIGNAL A 
4-2: ONE-BIT SIGNAL B 



42 



4-3: FIFTH-ORDER DELTA SIGMA MODULATOR OUTPUT 
4-4: FIRST-ORDER DELTA SIGMA MODULATOR OUTPUT 
2: ADDER 

4: FIRST-ORDER DELTA SIGMA MODULATOR 

30 : INTEGRATOR 

33: ONE-BIT QUANTIZER 

40: DIGITAL SIGNAL PROCESSING DEVICE 
41: FIFTH-ORDER DELTA SIGMA MODULATOR 
42: THREE-BIT QUANTIZER 

FIG. 5 

4: FIRST-ORDER DELTA SIGMA MODULATOR 

30: INTEGRATOR 

33: ONE-BIT QUANTIZER 

FIG. 7 

50: SECOND-ORDER DELTA SIGMA MODULATOR 
51: FIRST INTEGRATOR 
53: SECOND INTEGRATOR 
54: ONE-BIT QUANTIZER 

FIG. 9 

60: THIRD-ORDER DELTA SIGMA MODULATOR 
61: FIRST INTEGRATOR 
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63 : SECOND INTEGRATOR 
65: THIRD INTEGRATOR 
66: ONE-BIT QUANTIZER 



